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Abstract—The Hydrosphere State Mission (Hydros) is a
pathfinder mission in the National Aeronautics and Space Ad
ministration (NASA) Earth System Science Pathfinder Program
(ESSP). The objective of the mission is to provide exploratory
global measurements of the earth’s soil moisture at 10-km resolu
tion with two- to three-days revisit and land-surface freeze/thaw
conditions at 3-km resolution with one- to two-days revisit. The
mission builds on the heritage of ground-based and airborne pas
sive and active low-frequency microwave measurements that have
demonstrated and validated the effectiveness of the measurements
and associated algorithms for estimating the amount and phase
(frozen or thawed) of surface soil moisture. The mission data will
enable advances in weather and climate prediction and in map
ping processes that link the water, energy, and carbon cycles. The
Hydros instrument is a combined radar and radiometer system
operating at 1.26 GHz (with VV, HH, and HV polarizations)
and 1.41 GHz (with H, V, and U polarizations), respectively. The
radar and the radiometer share the aperture of a 6-m antenna
with a look—angle of 39° with respect to nadir. The lightweight
deployable mesh antenna is rotated at 14.6 rpm to provide a con
stant look-angle scan across a swath width of 1000 km. The wide
swath provides global coverage that meet the revisit requirements.
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The radiometer measurements allow retrieval of soil moisture
in diverse (nonforested) landscapes with a resolution of 40 km.
The radar measurements allow the retrieval of soil moisture at
relatively high resolution (3 km). The mission includes combined
radar/radiometer data products that will use the synergy of the
two sensors to deliver enhanced-quality 10-km resolution soil
moisture estimates. In this paper, the science requirements and
their traceability to the instrument design are outlined. A review
of the underlying measurement physics and key instrument per
formance parameters are also presented.

Index Terms—Land freeze/thaw, microwave remote sensing,
satellites, soil moisture.

I. INTRODUCTION

T HE Hydrosphere State (Hydros) Mission will use a com
bined passive/active low-frequency (L-band) microwave

instrument to measure the land hydrosphere state globally from
space. Hydros will provide measurements of surface soil mois
ture (0—5 cm depth) and land freeze/thaw over a wide 1000-km
swath with a global revisit of two to three days (one to two days
above 50° latitude). Over 70% of the swath the radar resolution
is better than 3 km. The radiometer resolution is about 40 km.
Measurements from these sensors are combined to produce a
global 10-km soil moisture data product.

The radar and the radiometer share the aperture of a large
(6 m) but lightweight deployable meshreflector. The reflector
rotates to make conical scans over a wide swath (‘- 1000 km). In
this way. Hydros will produce global mapping with high revisit
(see Fig. 1).

The Hydros mission has been selected as a National Aero
nautics and Space Administration (NASA) Earth System Sci
ence Pathfinder (ESSP). In this paper, the scientific basis and the
measurement approach for the Hydros mission are described.
In Section II, the scientific motivation for making the measure
ments is presented. The science and application requirements
for measurements are defined, and the underlying physics of
the measurements are also reviewed. The measurement require
ments and underlying physics are traced to the instrument con
cept outlined in Section III. In Section IV, the retrieval algo
rithms and data products are reviewed. The status of the Hydros
mission and time-line for implementation are presented in the
concluding Section V.
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II. SCIENCE AND APPLICATION REQUIREMENTS FOR SOIL

MOISTURE AND LAND FREEZEJThAW MEASUREMENTS

Measurements of soil moisture and its freeze/thaw state are
critical components in approaching high-priority questions in
earth system science today [1]. These include key questions
about the water and energy cycle as well as the carbon cycle.
Soil moisture is often the limiting factor in evaporation from
the landscape. Plants transpire water by extracting moisture
from the surface soil and throughout the root-zone. Evaporation
from soil surface is also dependent on the availability of mois
ture. Since large amounts of energy are required to vaporize
water, soil control on evaporation and transpiration also has a
significant impact on the energy cycle. Soil moisture and its
freeze/thaw state are also key determinants of the global carbon
cycle. Carbon uptake and release in boreal landscapes is one of
the major sources of uncertainty in assessing the carbon budget
of the earth system (the so-called “missing carbon sink”).
Hydros is an exploratory mission to demonstrate that global
measurements of soil moisture and its freeze/thaw state can
be made with the precision, spatial resolution, and temporal
frequency to address critical science questions in water, energy,
and carbon cycles.

A. Key Scientific Applications and Their Data Requirements

Global change projections on decadal and century time scales
are built on foundations of conceptual understanding and mod
eling. However, there the significant uncertainty associated with
the model-based projections is largely influenced by the uncer
tainty in the representation of land-surface processes. Whereas
the uncertainty of different model projections of global change
in terms of variables such as temperature may have lessened
over the last few years, simulations of surface hydrological pro
cesses are at odds among climate models [2j. An effective way
to diagnose errors in surface hydrologic processes in climate
models is to examine how they simulate the partitioning of at
mospheric forcing (available energy into sensible and latent heat
flux and precipitation into runoff and infiltration) as a function
of regional soil moisture [31, [41.

Fig. 2 shows the control of soil moisture over surface evap
oration at a specific site [5]. The fractional surface evapora
tion (with respect to its upper limit, potential evaporation) is

C>

0
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Fig. 2. Ground-based L-band radiometer is used to make the soil moisture field
measurements to estimate the surface control on evaporation [5]. The red line is
a fit through the discrete estimates. Global Hydros soil moisture measurements,
together with meteorological and hydrological data, will allow for the first time
a quantification of influential processes such as this across diverse climatic and
seasonal regimes.

shown to depend strongly on surface soil moisture, here as mea
sured by an L-band radiometer (a ground-based prototype of
the Hydros instrument). The correct model representations of
this relationship and the corresponding relationship for runoff
ratio (ratio of runoff to precipitation) are critical for climate
and global change studies. The relationship in Fig. 2 essentially
represents the closure relationship that couples water and en
ergy balance at the land surface. Land-surface models in atmo
spheric and hydrologic models require the specification of this
closure relationship. However, the paucity of soil moisture data
until now has restricted any substantial validation of this impor
tant closure relationship. Hydros measurements provide the re
quired missing soil moisture element for performing such strin
gent tests of land-surface models.

Measurements of soil moisture and its freeze/thaw state are
of practical importance to weather and climate prediction. Nu
merous sensitivity studies using surrogate soil moisture data
have shown that simulations forced with fixed or incorrect soil
moisture are not capable of reproducing the observed climate
with fidelity. Improvements in shorter term weather forecasting
have come more from the introduction of new data types and
their modeling than from incremental increases in the sampling
of existing data types. At the National Center for Environmental
Prediction (NCEP), simply improving the parameterization of
surface-atmosphere exchanges brought the same gains in fore
cast accuracy of three-day-ahead precipitation as the doubling
of atmospheric model resolution [1]. At the European Center for
Medium-range Weather Forecasting (ECMWF), improvements
in the treatment of freeze/thaw and albedo dynamics resulted in
the removal of a 5 °C bias in five-day surface air temperature
forecasts [6]. An important improvement, for boundary-layer
evolution and precipitation bias, was also detected at the Cana
dian Meteorological Centre when they implemented a new land-
surface modeling and assimilation system in their short-range
regional weather forecast model [7].

Campbell Yolo Clay Field Experiment Site
Summer 1995, California
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TABLE I
HYDROS FUNCTIONAL REQUIREMENTS TRACEABILITY

Scientific Measurement . .

- Instrument Functional Requirements Spacecraft and Mission Requirements
Requirements

Soil Moisture: L-Band Radiometer: Total system boresight pointing:
—±4% volumetric accuracy in top 2-5 cm for Polarization: V, H. U; Resolution: 40 km; 0.34° accuracy
vegetation water content < 5 kg m2 Relative accuracy: 1 K 0.300 stability
Hydrometeorology at -l 0 km L-Band Radar: o. 1° knowledge
Hydroclimatology at —40 km Polarization: VV, HH, HV; Resolution: 10km; On-board storage of at least 3 orbits of

Relative accuracy: 0.5 dB for V_V and HH science data
Constant Incidence angle between 35°-50°. S-Band downlink for radiometer and global

Freeze/Thaw State: L-Band Radar: radar (2.5 Mbps)
Capture freeze/thaw transitions in integrated Polarization: HH; Resolution: 3 km X-Band downlink for Hi-Res radar (80 Mbps)
vegetation-soil continuum with two-day Relative accuracy: 0.7 dB (1 dB per channel if
precision, at spatial scale of landscape variability two channels are used.)
(—3 km). Constant_incidence_angle_between_35°-50°.

Sample diurnal cycle at consistent time of day (6 Swath Width: — 1000 km Orbit: 670 km circular polar. sun-
am / 6 pm) synchronous, —6 amJ6 pm equator crossing

Global: —3 day revisit
Boreal:_—2_day_revisit

Observation over a minimum of two annual cycles Minimum two-year mission life -- I.e!)i missiolL

For soil moisture, evolving weather systems are impacted
by surface characteristics through atmospheric boundary layer
(ABL) coupling. The ABL integrates and responds to surface
fluxes on a ‘-.dO-km or hydrometeorological scale [8]. At
larger scales, regional variations in surface states affect the
intraseasonal climate through the modulation of populations
of weather events. Examples are regional moisture recycling
and standing atmospheric pressure ridge/trough formation that
require knowledge of boundary characteristics resolved at the
‘—‘40-km or better hydroclimatological scale. The temporal
sampling requirements for surface soil moisture follow from
the time scales of surface wetting and drying. Capturing the
impacts of storm/interstorm sequences combined with the
inertia of surface storage requires a revisit of approximately
three days. The desired accuracy for soil moisture is +/—4%
volumetric, which provides five or more levels of moisture
discrimination between dry and saturated and allows estimation
of surface fluxes to within in situ observational error. The
moisture estimate is required over a depth that is no shallower
than 2—5 cm. The moisture profile beneath the surface skin is
linked to the surface through physical processes. Data assimi
lation can be reliably used to extrapolate surface soil moisture
to the root zone. The science requirements for surface soil
moisture volumetric content are summarized in the first column
of Table I.

One of the largest unknowns in understanding the global
carbon cycle and associated linkages with the atmosphere is the
nature and distribution of the so-called “missing carbon sink.”
This sink is thought to exist somewhere within the terrestrial
mid- to high latitudes and may be due to carbon sequestration
in forests. In these land ecosystems, the state transition between
frozen and thawed conditions affects a number of processes that
cycle between winter (dormant) and summer (active) states.
Timing of spring thaw governs the length of the growing season
and is strongly linked to the amount of carbon sequestered
annually by vegetation (Fig. 3).

In boreal ecosystems, earlier spring thaws lead to significant
increases in net carbon uptake [9], [10]. Fig. 3 shows that at
the Boreal Ecosystem-Atmosphere Study experiment site the
ecosystem transition from a carbon source to a sink is coinci

Fig. 3. (a) Top panel compares tower eddy-flux measurements of C02
exchange with air and soil temperature at a field site. (b) Simulated accumulation
of net carbon flux at the site for years having early, average, and late spring
thaw [11]. Depending on the timing of the thaw date (in lower panel legend),
the site can be a net annual source or sink of atmospheric carbon. Hydros will
provide global observations of seasonal freeze/thaw cycles.

dent with thaw. The timing of this transition is key to quanti
fying boreal landscape carbon exchange with the atmosphere.
Ecosystem process simulations over multiple years for boreal
forest stands show six- to seven-week ranges in the timing of
soil thaw [1 1]. These variations result in substantial effects on
ecosystem carbon productivity; they can determine the magni
tude of annual carbon exchange and whether the ecosystem is
altogether a net source or sink of atmospheric carbon (Fig. 3).
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Instrumented temperature records show that the northern lat
itudes are particularly vulnerable to warming trends [121. These
trends are also apparent in other independent observations
including snow cover extent, river ice break-up, vegetation
green-up, and snowmelt/streamflow (e.g., [13]). Projections
of future climate show global warming trends will be signifi
cantly more pronounced in northern latitudes. Large changes
in land—atmosphere carbon exchange will take place if the
length of the growing season increases. Moreover, the loss of
hydrographic-monitoring capabilities across the pan-Arctic is
particularly acute and may interfere with understanding of high
latitude and global environmental change [14].

Hydros freeze/thaw state measurements will be a magnifying
lens for assessing how ecosystems respond to and affect global
environmental change. Such data sets will improve regional
mapping and prediction of boreal—arctic ecosystem processes
and associated carbon dynamics and are considered critical to
observational support for pan-Arctic monitoring and synthesis
studies.

Freeze/thaw dynamics in boreal latitudes cover an entirely
different range of scales than those discussed for soil moisture
earlier. The heterogeneity of landscape features results in
small-scale variations in the freeze/thaw field. These varia
tions are strongly linked to land-surface features (soil texture,
land cover, slope, aspect, snow cover) and microclimate en
vironment. These features exhibit a high degree of spatial
heterogeneity in northern latitudes. As a result, freeze/thaw
state is also spatially complex and mapping at km or less
is required [13], [15], [16]. Temporal sampling requirements
for freeze/thaw detection follow directly from primary applica
tions. For example, resolving the carbon source/sink dynamics
of boreal ecosystems requires measurements that can resolve
the temporal dynamics of net ecosystem exchange to within
±0.05 tons C ha1 over a 100-day growing season. Given
reported average daily fluxcs, a measurement fidelity of two
days is required for linking the dynamic coevolution of surface
state and water, energy, and carbon fluxes.

These science requirements for freeze/thaw measurements
are summarized in the first column of Table I. They represent the
science requirements for the Hydros mission. In the following
section the underlying physics of the measurements needed to
meet the science objectives are described. The instrument func
tional requirements follow from the science requirements and
the underlying physics of measurements (see Section III).

B. Underlying Physics of the Measurements

1) Surface Soil Moisture in Nonfo rested Landscapes: The
variability of soil moisture and its impact on global weather
and climate are greatest in nonforested regions at the transi
tion zones between water-limiting and radiation-limiting evap
oration regimes. Measurements of soil moisture in these areas
(estimated to encompass approximately 65% of the global land
surface) are, therefore, a main focus of the Hydros mission.

Soil moisture will be estimated using Hydros radiometer and
radar measurements in combination, taking advantage of the si
multaneous, coincident, and complementary nature of the mea
surements. Both radiometer and radar measurements have been
shown to be sensitive to soil moisture and can be used indepen
dently to estimate soil moisture. There can be up to 100-K dif

ference in radiobrightness at L-band between dry and saturated
soils [17]. There is also considerable sensitivity in backscatter
at L-band due to soil moisture variations. Between dry and sat
urated soils and between thawed and frozen soils the differ
ence in backscatter can reach up to 5—7 dB. The sensitivity to
soil moisture is, however, strongly affected by confounding fac
tors such as vegetation and surface roughness. Under vegetated
conditions, radiometric retrieval algorithms currently provide
more accurate soil moisture estimates than radar algorithms.
The radar measurements, on the other hand, have a higher spa
tial resolution and provide subpixel roughness and vegetation
information within the lower resolution radiometer footprint.
Hence, the combination of simultaneous radar and radiometer
data can enhance both the resolution capability and accuracy of
soil moisture estimates.

Soil and canopy temperature, soil roughness, surface topog
raphy, and soil texture also affect the measurements. At dawn
the soil surface and canopy temperatures and the soil subsurface
moisture and temperature profiles are approximately uniform
and Faraday rotation and scintillation effects are small (for both
active and passive measurements), providing optimal retrieval
conditions. Contributions from clouds and atmospheric gaseous
absorption and emission are minimal at L-band. Soil roughness,
topography, and vegetation conditions at the Hydros footprint
scale vary slowly relative to the soil moisture dynamics in their
effects on the sensor measurements. Hence, soil moisture can
be derived using both relative change and absolute estimation
approaches.

The primary relationships between surface features and ob
served brightness temperatures Th at polarization p (V or H)
can be expressed as

TB = Te exp(—Tc) + T(1 — w)

[1 — exp(—r)j [1 + r CXP(Tc)] (1)

where I’ and T are the physical temperatures (K) of the soil and
vegetation, r is the vegetation opacity along the slant path, and
r is the soil reflectivity (both at look angle 9). The reflectivity
is related to the emissivity by e = (1 — rn). At L-band, vege
tation is predominantly absorbing, with small single-scattering
albedo w [18]; for vegetation cover at a scale of several tens
of kilometers, the opacity can be considered to be azimuthally
isotropic and unpolarized. The vegetation opacity is related to
the columnar vegetation water content W (kg m2) by the
relation

(2)

where b is a coefficient that depends on vegetation type [19],
[20]. Both b and W can be estimated using ancillary data bases
derived from satellites. If more refined information on pheno
logical stage is available it may be possible improve the es
timation of b. W can be estimated using vegetation indexes
[21]. These parameters might also be derived from higher fre
quency microwave observations from other satellites [22], [23].
The surface reflectivity r is related to the soil dielectric con
stant e by the Fresnel equations, with modifications for surface
roughness [24]. Roughness influences the sensor response pri
marily through the root mean square (RMS) of surface height,
with horizontal correlation length as a secondary influence. The
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Fig. 4. Hydros soil moisture algorithms are based on a heritage of experiments
using ground-based, airborne and shuttle instruments. (a) Soil moisture map
and retrieval performance using airborne radiometer (ESTAR) measurements.
(b) Soil moisture retrieval performance using airborne (AIRSAR) and shuttle
(SIR-C) radar measurements.

dielectric constant is related to the soil moisture content m
(percent volumetric) using models derived from laboratory mea
surements, with a parametric dependence on soil texture [251,
[26].

For the radar, the total copolarized backscatter from the sur
face is the sum of three components

= p cxp(—2r.) + + U.

The first term is the soil surface backscatter, o, modified by
the two-way attenuation through a vegetation layer of opacity r
(along the slant path at look angle 6, and assumed unpolarized as
for the passive case). The second and third terms represent, re
spectively, the backscatter from the vegetation volume and
the interaction between the vegetation and soil surface cr [271.
For bare or low-vegetated conditions, the contribution dom
inates the received signal and is influenced primarily by the soil
moisture and RMS surface roughness. The backscatter depen
dence on vegetation characteristics is complex and is influenced
(to a greater extent than the passive case) by the shapes, sizes,
orientations of the vegetation components, and ground slope.

Field experiment results show that L-band radiobrightness
and backscatter measurements can be used in conjunction with
(1) and (3) to estimate surface soil moisture. An example of such
tests and comparison with ground-truth measurements show that
the estimation RMS error is about 3% for radiometer and about
4% for radar over bare soil and low vegetation (Fig. 4). Recent
results from the Soil Moisture Experiments in 2002 (SMEXO2)
and 2003 (SMEXO3) field experiments have confirmed these
findings.

2) Sutface Freeze/Thaw in Boreal Landscapes: The ca
pability of L-band radar measurements to detect freeze/thaw
transitions in a robust way is demonstrated in Fig. 5. Japanese

(a) JERS-1 1-band SAR landocope freeze-thaw classification
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Fig. 5. (a) Series of JERS-l L-band SAR images from central Alaska show
the spring thaw transition. (b) The lower panel compares vegetation tissue
temperature to backscatter. The Hydros global mapping capability and high
revisit will provide a 15- to 20-fold improvement in temporal discrimination of
freeze/thaw state transitions across boreal latitudes.

(3) Earth Resources Satellite-I (JERS-l) L-band imagery of
forested and wetland regions in Alaska are used to examine the
spatial heterogeneity of springtime thaw. The series of images
shows the spatially complex nature of the springtime thaw
transition. Freeze/thaw state in boreal regions has previously
been mapped with spaceborne synthetic aperture radars (SARs)
and scatterometers (e.g., [15], [28]—[30]). Results demonstrate
that these seasonal transitions are spatially heterogeneous and
undergo several thaw and refreeze cycles in a season. These
characteristics underscore the need for mapping with combined
high spatial resolution and high revisit [31]. L-band radar pene
trates vegetation canopies more readily than shorter wavelength
radars, providing more backscatter sensitivity to freeze/thaw
state transitions throughout the soil-vegetation column. Also,
the contrast in dielectric constant of frozen and thawed water is
maximized at L-band relative to higher frequencies employed
in most current and planned radar missions, yielding more
backscatter sensitivity to dielectric variations in the soil and
vegetation (see Fig. 5).

III. INSTRUMENTATION AND MISSION DESIGN

Table I summarizes the instrument functional requirements
(second column) to meet the science requirements in the first
column of the same table. The Hydros instrument implemen
tation approach is to develop radar and radiometer instrument
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Fig. 6. Stowed reflector configuration inside a Taurus launch vehicle.

components that share a lightweight, deployable mesh reflector
antenna. Both active and passive measurements share a single
feedhorn that is used with the mesh reflector to form a beam
offset from nadir by 35° and forming an incidence angle with
the surface of.39.3° (see Fig. 1). This beam is rotated conically
about the nadir axis to form a wide measurement swath. The
reflector is composed of lightweight mesh material that can be
stowed for launch (see Fig. 6). Once deployed, it is supported
by an extended boom. Two antenna rotation approaches are cur
rently being considered in order to form the conical scan (see
[32]). In one design, the spin motor is placed between the top
end of the boom and the antenna central hub to rotate only the
6-m reflector; with the boom fixed relative to the spacecraft.

In an alternative design, the spin motor is placed down on the
zenith deck of the spacecraft, the boom supports the reflector at
the reflector rim, and the boom and reflector rotate together. In
both designs, the feed assembly and electronics are fixed on the
despun spacecraft, and there is, therefore, no electrical connec
tion across the rotary interface (i.e., no RF rotary joint or slip
rings). For either antenna architecture, the reflector will rotate
about the nadir axis at 14.6 rpm to provide contiguous coverage
over the 1000-km swath.

The instrument system will operate at 1.26 andl.29 GHz
for the radar and 1.41 GHz for the radiometer and will make
measurements at both horizontal and vertical linear polariza
tions with respect to the surface. Because the feed assembly
is fixed relative to the spacecraft and the antenna reflector is
rotating, the linear polarizations launched and or measured by
the feed horn must somehow be rotated synchronously with the
antenna in order to maintain the proper polarization geometry
relative to the surface. In the current instrument architecture,
this polarization rotation is accomplished with mechanical
pin-polarizers inside the feed assembly. Techniques to rotate
the radiometer polarizations without mechanical devices are
also being considered. The 6-m antenna diameter will produce
a radiometer footprint of approximately 40 km (root ellipsoidal
area), where the resolution is defined by the antenna one-way
3-dB beamwidth. Similarly, the radar two-way 3-dB real aper
ture footprint will be 30 km. To obtain the required 3- and
10-km resolution for the geophysical products, the radar will

Fig. 7. Hydros instrument makes conical scan at constant incidence angle over
a wide (—1OOO km) swath.

employ range and Doppler discrimination to subdivide the an
tenna footprint. This is equivalent the application of unfocused
SAR techniques to the conically scanning radar case. Due to
squint angle effects, the high-resolution products will not be
obtained within the 300-km band of the swath centered on the
nadir track (see Fig. 7).

Measurement precision for a radiometer is proportional to the
square root of the bandwidth and the measurement integration
time (the time-bandwidth product). Given a reflector rotation
rate of 14.6 rpm, the available integration time for each mea
surement is 42 ms. That value, however, will effectively be dou
bled when both fore- and aft-looking radiometer measurements
are combined. Choosing a measurement bandwidth of 25 MHz
and a system noise temperature of 590 K, the resulting preci
sion is 0.4 K. The radiometer calibration stability is estimated
to be 0.5 K. The root sum square of the 0.5- and 0.4-K precision
specifications yield a total relative error of 0.64 K, satisfying the
1-K requirement of the soil moisture science objective.

There are two requirements placed on the radar relative error.
The soil moisture measurement requirement places a 0.5-dB
relative error requirement for both vertical and horizontal copo
larized backscattering coefficient measurements at 10-km res
olution. The freeze/thaw state measurement places a 1 -dB re
quirement on the relative error of each vertical and horizontal
copolarized backscatter measurement at 3-km resolution. The
radar relative error depends on the SNR and the number of in
dependent samples, or “looks,” averaged in each measurement,
as well as the relative calibration error. Looks will be obtained
by averaging in both range and azimuth. The 1-MHz bandwidth
will yield a ground range resolution of approximately 250 m and
will result in a minimum of 12 looks in range for 3-km cells and
40 looks for 10-km cells.

As shown in Fig. 8, the Doppler diversity will be maximized
at a scan angle perpendicular to the platform velocity, leading
to a single-look azimuth resolution of approximately 450 m.
The single-look resolution will decrease as the scan angle ap
proaches the platform velocity vector, reaching 1500 m at the
inner swath edge (150-km cross track). Table II provides a sum
mary of the Hydros instrument performance requirements.

The electronics subsystem is mounted on the zenith deck of
the spacecraft, as close to the feed assembly as possible. A dig
ital interface with the spacecraft command and data handling
is provided to transfer the radiometer science measurements
and telemetry to the spacecraft recorder for transmission to the

Radometet

Radar
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Radiometer
Beamwidth (2-Way) 2.6° (1.9°)
Center Frequency 1.410Hz
Footprint (Root Ellipsoid Area) 38 km
Channels H, V, U
Bandwidth 25 MHz
Precision 0.40°K
Calibration Stability 0.50°K
Total Relative Error 0.64°K

Radar
Transmit Frequencies 1.26 H,1.29V GHz
Pulse Repetition Frequency 3.5 KHz
Pulse Length l5ps
Maximum Exposure Length 32 ms
Transmit Bandwidth 1 IVIHz
Peak Transmit Power 500W
Noise Equivalent -39 dB

ground. The radiometer receives a timing signal to protect the
receiver during radar transmit events. The radar RF electronics
assembly, which creates the transmit pulses and amplifies and
downconverts the return echoes, is also mounted on the zenith
deck of the spacecraft. The radar digital electronics assembly,
which governs the radar timing and performs digital processing
on the return echoes, is located within the spacecraft avionics,
yielding a lower cost integrated design. The software necessary
to command the radar timing and high-rate data collection is im
plemented on the spacecraft CPU. Radar data are transferred to
spacecraft recorder via the high-speed interface.

The spacecraft operates at 670-km altitude in a frozen
sun-synchronous, polar orbit with 6 AM/P.M. equatorial cross
ings. The orbital altitude was chosen to provide whole earth
coverage and three-day revisits. The orbit also provides ade
quate power margins with short eclipse periods. The equatorial
crossing times were chosen to maximize valid science return
as: 1) soil moisture/temperature profiles are uniform at dawn
and 2) ionosphere-caused Faraday rotation and scintillation
errors are minimum at dawn.

IV. RETRIEVAL ALGORITHMS AND DATA PRODUCTS

A. Retrieval Approaches

1) Brightness Temperature Soil Moisture Retrieval: Soil
moisture will be estimated from Hydros brightness temperature
observations by inverting (1). Ancillary data will be used to
estimate the key unknown parameters, i.e., soil and vegetation
temperatures (approximately equal to the surface air tempera
ture at dawn), vegetation opacity, surface roughness, and soil
texture. Estimates of the coefficients for surface roughness
and the relations between vegetation indexes and T have
been derived from field experiments at L-band for a variety
of conditions [18], [33]. These coefficients are expected to
be relatively time-invariant at the spatial scale of the Hydros
measurements (40 km) and will be validated and adjusted
during the postlaunch calibrationlvalidation phase.

The baseline Hydros radiometer retrieval algorithm uses the
L-band H-pol channel. A two-channel (H-pol and V-pol) ver
sion of the algorithm using least squares optimization will be
evaluated during the prelaunch algorithm development phase as
a means to potentially reduce the reliance on ancillary vegeta
tion and surface temperature data. Such approaches have been
investigated using simulated data [34], [35] and are being fur
ther developed using data from SMEXO2 and SMEXO3 field
experiments.

2) Radar Backscatter Soil Moisture Retrieval: Several algo
rithms have been developed to estimate soil moisture from bare
soils [36]—[38]. A robust formulation uses the two copolarized
radar channels to separate the effects of soil moisture and sur
face roughness [37]. Linear combinations of the backscattering
coefficients and u are used to simultaneously estimate
the dielectric constant r and the RMS surface height h. The soil
moisture ins, is derived from e using a dielectric model [25],
[26].

Radar retrievals of soil moisture using this method are ex
pected to be accurate for regions of vegetation water content up
to about 0.5 kg . m2 [27], significantly less than for the pas
sive case. A radar-derived vegetation index (RVI) based on the
uf/u ratio is used to screen out higher vegetated areas [37].
Methods for estimating biomass and vegetation water content
have been explored for higher vegetation levels using airborne
and spaceborne SAR data [391—[42]. Radar measurements,
especially the cross-polarized backscatter u,, are sensitive
to vegetation biomass and canopy characteristics. However,
the backscatter dependence on vegetation characteristics is
complex; quantitative algorithms for soil moisture estimation
in high biomass regions are the subject of continuing research.

To extend the radar-based soil moisture retrieval capability to
vegetation densities above 0.5 kg . m2, a change-detection
approach is being considered for Hydros. Change-detec
tion methods have been suggested in previous radar studies
[43]—[45]). The rapid global revisit every two to three days
makes Hydros ideally suited to the application of soil moisture
change-detection methods (as well as for freeze/thaw state
detection). This has not been the case for previous L-band
radar missions, which have had much less frequent revisit
characteristics. The premise of the change-detection approach
is that over short time periods, the effects on the radar signal
of changes in surface roughness, topography, and vegetation

0 500

East-West Range (km)

Fig. 8. Radar measurement geometry as a function of scan angle.
The spacecraft velocity vector is shown as 1’g Also shown are the iso-Doppler
contours that govern the radar azimuth resolution.

TABLE II
INSTRUMENT PERFORMANCE
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cover at the Hydros radar footprint scale are small compared
to the effects of dynamic soil moisture change. Thus, change
in observed backscatter during a surface wetting and drying
sequence can be interpreted as due primarily to soil moisture
change. The validity of this assumption is consistent with
airborne observations and is being tested using SMEX02 and
SMEXO3 data.

3) Combined Radiometer and Radar Soil Moisture Re
trieval: The synergy between active and passive measure
ments is used to enhance Hydros retrieval capabilities. The
radar retrieval algorithm derives three output quantities at
3-km resolution: soil moisture m, roughness h, and a radar
vegetation index (RVI) (u /u,.,, ratio). The h and RVI are
aggregated (mean and RMS) to the 40-km radiometer foot
prints and assimilated as inputs to the radiometric soil moisture
retrieval algorithm. The 40-km passive (TB) data are reg
istered to an earth-fixed grid at which the ancillary data are
also pregridded and stored. The 40-km retrievals and output
products are generated on this grid. The ancillary data and the
footprint-mean RVI are used to estimate the vegetation opacity
r, for the radiometric soil moisture retrieval. The relationships
between normalized difference vegetation index (NDVI), RVI,
and opacity are derived from experimental data [33], [37].
The RMS of the RVI and NDVI indexes within the 40-km
radiometer footprints serve as measures of surface hetero
geneity. High values are indicators of possible degradation of
the retrievals. In addition, the soil moisture estimation using
Hydros radar data will be improved using the low-resolution
radiometer-based soil moisture as a constraint.

4) Freeze/Thaw State Retrieval From Radar Backscatter:
Hydros will provide the first capability for accurate high-res
olution high-temporal-repeat global mapping of freeze/thaw
state, independent of solar illumination and cloud cover. Hydros
will utilize a radar backscatter change-detection methodology
to measure the landscape freeze/thaw state. L-band backscatter
response to changes in landscape freeze/thaw state is typically
greater than 3 dB (Fig. 4) and can be more than 5—7 dB [30].
This ubiquitous and unambiguous change in backscatter domi
nates other temporal variations over seasonal cycles. A variety
of radar backscatter temporal change metrics have been applied
for classification of frozen and thawed surface state conditions.
The techniques exploit the dominance of freeze/thaw state
transitions on variations of the landscape dielectric properties
and associated radar backscatter variations. They include:
1) first-order difference from a reference (e.g., frozen) state;
2) fractional difference between frozen and nonfrozen refer
ence states; and 3) first-order difference from a moving window
mean of the temporal data stream. The Hydros freeze/thaw
state detection algorithm will include a combination of these
metrics.

B. Data Products

Hydros ground data processing and generation of geophys
ical data products will be performed within the mission science
and instrument teams. The data will be archived and distributed
through the NASA Goddard Space Flight Center (GSFC) Dis
tributed Active Archive Center (DAAC). Table III lists the prin
cipal data products from the mission.

TABLE III
HYDRO5 DATA PRODUCTS

Product Name
Sensor Brightness Temperature L1A_TB
Sensor Backscatter L1A_SO
Calibrated Brightness Temperature L1B_TB
Calibrated Resolution Backscatter L1B_SO
Gridded Backscatter L3_SO
Boreal Freeze/Thaw L3_3km_F IT
Freeze/Thaw in Carbon Exchange L4_ 3km_F IT
Hydrometeorology Soil Moisture L3_ 10km_SM
Hydroclimatology Soil Moisture L3_4Okm_SM
Land Data Assimilation L4_5km_4DDA

The Hydros science team will also produce value-added data
products based on land data assimilation that include estimation
and their errors. This is a value-added data product that inte
grates Hydros and other observations (spaceborne and in situ)
into physics-based models of land-surface hydrology. The ap
proach has the following distinct advantages.

1) Direct assimilation of brightness temperature and
backscatter measurements uses the synergy of active
and passive sensing to produce accurate high-resolution
retrievals, including measurements by sensors onboard
other satellites.

2) Constraining the retrieval with dynamic models of the
soil—vegetation—atmosphere continuum extends the near-
surface information (top 5 cm) to the root zone.

3) Estimates of moisture, energy, and carbon fluxes at the
land—atmosphere boundary that are consistent with the se
quences of measurements are made.

Prototypes and tests of land data assimilation systems are
found in [46]—[5 1]. Additionally, the product suite will include
a Level 4 product linking surface freeze/thaw state to growing
season timing and terrestrial carbon exchange [31], [52], [53].

V. SUMMARY

This paper provides an overview of the Hydros mission in
cluding its science rationale and objectives. It also outlines the
measurement approach and instrument requirements. The Hy
dros mission has been selected as a NASA ESSP pathfinder mis
sion, and it is currently in the formulation phase, with a launch
date in 2010. During the formulation phase, the Hydros mission
design will undergo further studies to achieve the best design
that meets the maximum science objectives with reduced tech
nical and cost risks. The Hydros mission will be a core element
of the NASA earth system science focus on the water, energy,
and carbon cycles. It will also bring natural hazards applications
such as severe weather forecasting, flash-flood prediction, and
flood and drought monitoring capabilities into a new era.
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